Understanding of hydrological processes in wetlands may be complicated by management practices and complex groundwater/surface-water interactions. This is especially true for wetlands underlain by permeable geology, such as chalk. In this study, the physically based, distributed model MIKE SHE is used to simulate hydrological processes at the CEH River Lambourn Observatory, Boxford, Berkshire, UK. This comprises a 10 ha lowland, chalk valley bottom, riparian wetland designated for its conservation value and scientific interest.
Introduction
Wetlands are widely recognised as providing valuable environmental, cultural and economic functions and services . The European Habitats Directive (EEC, 1992) lists groundwater dependent wetland ecosystems as priority habitats that are particularly sensitive to environmental change. The need for sustainable wetland management is intensifying in the face of climate change as well as growing, and often competing, demands for water (Baker et al., 2009; Maltby and Acreman, 2011) . The establishment and maintenance of wetlands depends primarily on the hydrological regime (Mitsch and Gosselink, 2007) , as it is a key control on vegetation (Baldwin et al., 2001; Wheeler et al., 2009 ), fauna (Ausden et al., 2001; McMenamin et al., 2008) and biogeochemical cycling (McClain et al., 2003; Lischeid et al., 2007) . Current and historical wetland management practices revolve around the maintenance of water levels required for the conservation of desired species or communities, flood mitigation, and arable or pastoral productivity (Morris et al., 2008 ). An ability to predict the impacts of modifications to wetlands' hydrological regimes is therefore highly desirable. Models that can accurately represent wetland hydrological processes have enormous potential in the assessment of potential degradation to the ecological character of wetlands and their management (Acreman and Jose, 2000) .
In riparian wetlands, the water balance can incorporate a significant measure of groundwater (Bravo et al., 2002; Krause and Bronstert, 2005) . This can be time dependent (Hunt et al., 1999) , spatially heterogeneous (Hunt et al., 1996; Lowry et al., 2007; House et al., 2015) , and influenced by topographical, geological and climatic factors (Winter, 1999; Sophocleous, 2002) . The magnitude of the flux can exert strong controls upon the hydrological regime, nutrient status, and species composition (Wheeler et al., 2009; House et al., 2015) . Thus, the impacts of abstraction, sustained low river flows, climate change, or feedback from water management activities taking place within the catchment could result in significant adverse impacts, particularly where wetlands are underlain by permeable geology, such as chalk.
Due to the complexity of process interactions in these wetlands, quantifying a water balance through field observations alone is often impractical. Comprehensive wetland studies have instead relied on simulation of hydrological processes within fully integrated or coupled groundwater/surface-water models (Refsgaard et al., 1998; Crowe et al., 2004; Thompson et al., 2004; Krause and Bronstert, 2005; Thompson et al., 2009; Frei et al., 2010) . However, these modelling studies often contain simple interpretations of the saturated zone through single layer lithology (Refsgaard et al., 1998; Thompson et al., 2004; Thompson et al., 2009; Frei et al., 2010) or transfer functions (Krause and Bronstert, 2005) . Where applied to wetlands with more complex subsurface hydrogeological structures, processes have been partially represented as boundary conditions (Crowe et al., 2004) .
In this study, the distributed hydrological model, MIKE SHE, is applied to a riparian wetland in the chalk lowlands of the United Kingdom (UK). Understanding and modelling of hydrological processes in the wetland is complicated by in-channel macrophyte growth and management, a compound geology, and subtle groundwater/surface-water interactions. The numerical model is used to quantify the water balance, enhance understanding of the site's hydrological functioning, identify some of the effects of current management practices, and inform future management schemes.
Study Area

Site description
The Centre for Ecology and Hydrology (CEH) River Lambourn Observatory (51.445 o N 1.384 o W) contains c.10 ha of riparian wetland adjoining a 600 m reach of the River Lambourn, Berkshire, UK (Figure 1 ). To the west of the river the wetlands are divided by the Westbrook Channel into a northern and southern meadow. (Marsh and Hannaford, 2008) .
The wetland was managed as flood pastures and water meadows until the middle to late 20 th century (Everard, 2005) . Maps dating to the 1880s show a corresponding network of predominantly linear conduits, sluices and aqueducts. Most of these channels have naturally infilled and are absent from current maps, although the relic drainage network is still evident in the topography. A single sluice gate remains, positioned approximately halfway along the Westbrook and operated by the local community. Grazing gradually came to an end on the water meadows from the mid-1960s to the 1980s. This is reflected in the current prevalence of tall-herb fen vegetation communities through the site (House et al., 2015) . There is some succession, with plant communities graded from swamp and fen dominated by reed sweetgrass (Glyceria maxima) and lesser pond sedge (Carex acutiformis) in the north, to remnants of the MG8 community in the south. Current management is confined to the river, where instream macrophyte growth is cut back periodically to maintain flood conveyance and lower water levels (Old et al., 2014) .
The site is underlain by the Seaford Chalk Formation, dipping at 1-2° to the southeast (Allen et al., 2010) , and comprising a uniform soft to medium-hard chalk with frequent flint nodules.
The surface of the chalk has been highly weathered, in places, producing a low permeability This article is protected by copyright. All rights reserved.
‗putty chalk ' (Younger, 1989) up to 5 m thick. River terrace deposits and alluvium up to 7 m thick overlie the Chalk, consisting primarily of coarse gravels with some sand (Chambers et al., 2014) . These are thicker and more continuous in the north meadow, nearer to the course of the river. In the south the gravels are more variable and thin to the west, almost disappearing towards the southwest boundary of the site. In their lower layers there is often a high proportion of reworked chalk material. Above the gravels a layer 0.4-2 m thick consists predominantly of peat (Chambers et al., 2014) .
Conceptual model
A field campaign using 3D electrical resistivity tomography (ERT) (Chambers et al., 2014) , along with temperature, hydrochemistry and vegetation surveys (House et al., 2015) , has enabled the development of a conceptual model (Figure 2 ). The peat and gravels are considered to have good hydraulic connectivity, with head boundaries at the River Lambourn and Westbrook broadly controlling water levels across the wetland. A double aquifer system of gravels and Chalk is mostly separated by a confining layer of low permeability ‗putty' chalk. Leakage occurs between the gravels and Chalk where the putty chalk is thin or absent, causing localised variations in water levels. These are concomitant with relic infilled channels in the peat and occur mainly in the north meadow.
Site instrumentation
Piezometers were selected from a wider existing array installed in January 2012, based upon data availability, and numbered 1-7 (Figure 1 ). These were supplemented by piezometers installed in May 2013 to target discrete areas of groundwater upwelling (locations 8-12; Figure 1 ). Water levels were monitored in pairs of piezometers installed in both the peat (P) and gravel (G). Exceptions include locations 11 and 12 with gravel piezometers only, and 7 and 10 with peat piezometers only. Gravel piezometers were screened approximately 2.5-3.5 m bgl (below ground level) whilst peat piezometers were screened across the entire peat thickness. A chalk (C) piezometer is also located at site 3, screened at 9.5-10.0 m bgl.
Peat and gravel groundwater heads were monitored every five minutes using either In-Situ
Level Troll® 500s or SWS Divers® installed to a consistent depth of 3 m bgl in gravel piezometers and to the base of the peat in peat piezometers. Groundwater heads are routinely checked by manually dipping observed water levels to quality control logged data susceptible to drift (Sorensen and Butcher, 2011 
MIKE SHE Model
Model development
MIKE SHE is an integrated modelling system which simulates the land-based phase of the hydrological cycle (Graham and Butts, 2005) . Developed originally from the Système Hydrologique Européen (SHE) (Abbott et al., 1986a; Abbott et al., 1986b) by the Danish Hydraulic Institute (DHI), it has been utilised for international river basins (Andersen et al., 2001; Stisen et al., 2008; Thompson et al., 2013; Thompson et al., 2014) , catchments with areas of hundreds to thousands of km 2 (Feyen et al., 2000; Huang et al., 2010; Singh et al., 2010; Singh et al., 2011) , to small (<50 km 2 ) catchments and individual wetlands (Refsgaard et al., 1998; Al-Khudhairy et al., 1999; Thompson et al., 2004; Thompson, 2012) . Although often labelled as a deterministic, fully distributed and physically based model, the complexity of process representation may be varied to include empirical and semi-distributed methods.
The model may thus be built iteratively in line with data availability and process understanding. This flexibility, along with a proven applicability for simulating wetland hydrological systems (Refsgaard et al., 1998; Al-Khudhairy et al., 1999; Thompson et al., 2004; Staes et al., 2009; Thompson et al., 2009) , underpins its use in the current study. A single long grass vegetation type was used to represent land cover across the model in line with the dominance of tall-herb fen at the site (House et al., 2015) . Temporal variations in leaf area index and root zone depth, required for the interception and evapotranspiration modules, were taken from the literature (Breuer et al., 2003) and an existing DHI ( (Letts et al., 2000) . Infiltration rate and effective saturation were parameterised through calibration.
The saturated zone was characterised as a four layer geological model with peat overlying gravels over a discontinuous layer of putty chalk, and Chalk bedrock beneath. The 3D finite difference Darcy flow method was employed to calculate subsurface flow. Depths to the gravel-peat interface were taken from a manual probing survey of 2815 locations in conjunction with the topographic survey (Chambers et al., 2014) . The gravel-chalk interface was derived from a 3.1 ha 3D ERT survey of the meadows using a resistivity isosurface extended by trilinear interpolation from intrusive boreholes where the interface could be identified in core retrievals (Chambers et al., 2014) . This was extended to the edges of the model domain by bilinear interpolation within MIKE SHE. The horizontal extent of the putty chalk was also extracted from the resistivity model using a representative range of resistivities (10 -75 Ωm) following Crook et al. (2008) . Within the saturated zone setup this was specified as a 1 m layer with relatively low hydraulic conductivity (1 × 10 -10 ms -1
) at the top of the Chalk bedrock. Gaps in the putty chalk were allocated the same hydraulic conductivity as the Chalk, taken from the literature as 4.4 × 10 -4 ms -1 (Younger, 1989) .
Vertical and horizontal hydraulic conductivities of the peat and gravels were varied during model calibration.
For the Chalk aquifer, head boundaries were based on observations from a piezometer at 3C ( Figure 1 ). Observed values were adjusted to differences in elevations at 50 m intervals along all sides of the model domain by linear interpolation. Gravel boundaries were set to a constant flux gradient 0.003 in the north and south, based upon observations from the piezometer network and following the topographic gradient. The remaining boundaries, where the gravel thins to the valley edge, were defined as zero flow. Zero flow boundaries were assigned around the peat and putty chalk layers where lateral flow was expected to be minimal due to low hydraulic conductivities.
The river network was digitised in MIKE 11 from Ordnance Survey MasterMap 1:1250 raster data. The fully dynamic 1D St Venant equations were used to describe channel flow with all MIKE 11 branches specified as being coupled to MIKE SHE. Channel cross-section profiles applied to the network were based on dGPS surveys conducted at 44 locations along the Westbrook and 42 along the River Lambourn. Bank elevations were taken from the MIKE SHE topographic grid with points across the cross-section specified as depths relative to the banks (Thompson et al., 2004) . The channel bed was specified to be in full contact with the saturated zone, so that exchange between the river and aquifer was controlled by the hydraulic conductivity of the aquifer rather than river bed material. This was deemed appropriate due to the nature of the channel substrate and high base flow index.
Inflows for the upstream channel boundary, which were specified as a mean 15 minute discharge, were derived from a relationship between monthly measurements of discharge at This article is protected by copyright. All rights reserved.
the derived 15 minute discharge at L1. This was applied as a multiplication factor to a fixed channel roughness at each time step.
Meteorological data were supplied by the automatic weather station installed in the south meadow. This provided 15 minute precipitation and potential evapotranspiration calculated using the Penman-Monteith formula (Monteith, 1965) . MIKE SHE calculates actual evapotranspiration from these specified potential rates and computed soil moisture in the root zone using the Kristensen and Jensen (1975) method.
Calibration and validation
A split sample approach was used to calibrate and validate the model. In accordance with the literature (Refsgaard and Storm, 1995) , the number of calibration parameters was minimized. Parameters adjusted during calibration included effective saturation and infiltration rate in the unsaturated zone, the vertical and horizontal hydraulic conductivity of the peat and gravel in the saturated zone, and Manning's n roughness coefficient for overland flow.
An automatic multiple objective calibration was performed based on the shuffled complex evolution method (Duan et al., 1992; Madsen, 2000; Madsen, 2003) . Equally weighted model performance statistics, the root mean square error (RMSE) and absolute value of the average error, were aggregated into a single objective function with a transformation that compensates for differences in magnitudes (Madsen, 2003) . This provided the autocalibration routine with a measure of convergence, evaluated at the model time step.
Manual adjustment of calibration parameters to further improved model performance was assessed using the Pearson correlation coefficient (R), the Nash-Sutcliffe coefficient (R2) (Nash and Sutcliffe, 1970) and the root mean square error (RMSE) of the deviation between observed and simulated groundwater and channel water levels. A scheme adapted from Henriksen et al. (2008) was used to classify model performance based on the values of these statistics. is not apparent. Weaker performance is apparent at 3G and 6G, with under prediction notable during periods of high head.
Results
Model calibration and validation
As noted previously, model performance for the peat groundwater head elevations is inferior to the gravels ( Figure 5 ). The impacts of many of the individual rain events are simulated as are the rapid declines in level associated with the weed cuts in the River Lambourn. Model performance tends to be better at low head elevations. Nonetheless, observed peat groundwater head at locations P1-P7 show sharp head increases throughout these periods of low elevations that, although evident, are of smaller magnitude in the model results.
Relatively weak performance is noticeable at 4P and 5P throughout both the calibration and validation periods, and at 8P in the latter. In contrast, despite the issues discussed above, relatively good performance is achieved at the other locations, especially 1P, 2P, 9P and 10P although there is a general over prediction during periods of high head.
Observed and simulated channel stages correspond well on the whole although, with the exception of L2, observations are not as frequent as those for gravel and peat groundwater heads ( Figure 6 ). At L2, generally good agreement between observed and simulated river levels in the Lambourn is obtained. Elsewhere, there is a general under prediction of stage during the validation period although, as previously reported, the model performance statistics are generally classified as -very good‖ to -excellent‖. The weakest performance is for W2, especially through the validation period, with the simulated water levels often falling well outside observed stage The model clearly simulates the rapid drops in stage due to the four weed cuts that drive the resulting declines reported at these times in the peat and gravel whilst the increases over the beginning of 2014 are also represented.
Water balance
The modelled monthly water balance is summarised 3so that surface water (SW) represents net outflow (channel and overland outflow minus inflow), while groundwater (GW) represents net inflow (groundwater inflow minus outflow), and baseflow (B) the exchange between This article is protected by copyright. All rights reserved.
channel and gravels with negative values signifying loss to gravels (Table 3) However, the 23/7/2014 weed cut has comparatively minimal impact. Aside from the conspicuous human induced effects due to the weed cuts, strong seasonality is noticeable, with volumes of groundwater exchanges grading between winter wet periods and summer dry spells.
Surface water flooding and groundwater upwelling
The extent and depth of simulated surface water flooding at periods of high flow corresponds closely with topography ( Figure 3 ). Shallow relict channels from the historical water meadow system are apparent as areas of relatively deep flooding. Elsewhere much of the flooding appears linked to the main channel system. This is especially the case for areas adjacent to the Westbrook as it flows through the centre of the site, and towards the River Lambourn in the southeast. However, in the north meadow and southeast section of the south meadow, areas of flooding not directly linked to the main channel system still occur.
Simulated gravel and peat head gradients show an overall resemblance evident in both wet and dry periods (Figure 8 ). Groundwater mounding can be seen to occur in both the northern meadow and in the northern part of the south meadow around the Westbrook. A discrete area of particularly high groundwater head is simulated towards the north of the site. These elevated heads in the north meadow are concomitant with locations where putty chalk is absent at the interface between the chalk and gravel aquifers (Figure 1 ). There are additional areas of higher head and hence steeper local head gradients to the centre east, and are especially noticeable in the gravels (Figure 8a and 8b) . Small scale head variations in the gravels in line with the Lambourn are evident during the high peak (Figure 8b ).
Gradients in the peat appear influenced by the topography of the relic drainage network
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during this peak (Figure 8d ), yet less so at low levels ( Figure 8c ). In general, head elevations follow the topographic gradient in line with the valley at peak elevations (Figure 8b and 8d) .
However, there is a shift in the direction of groundwater flow from towards the south to the southwest as head elevations drop (Figure 8a and 8c) .
Discussion
Model performance
Although the model generally simulates conditions very well across the River Lambourn Observatory, there are clearly spatial and temporal disparities in model performance. The superior representation of water levels in particular areas and within the different geological layers highlights the influence of heterogeneity in structure and process at the site scale.
Such results also underline the importance of robust field survey and monitoring approaches at spatial resolutions which are sufficient to incorporate this heterogeneity.
Model performance is inferior within the peats. This is especially true when water levels are high and could be due to the inability of MIKE SHE to represent compressible, anisotropic soils, instead defining the hydraulic properties of each geological unit as being temporally and spatially constant. Indeed, incorporation of the effects of soil deformation into hydrological models has, with a few exceptions (Camporese et al., 2006) , been generally overlooked. However, peat hydraulic conductivities may vary over relatively short distances by several orders of magnitude (Kneale, 1987; Bragg, 1991; Bromley et al., 2004) , seasonally by up to an order of magnitude (Price, 2003; Kettridge et al., 2013) , and with depth by several orders of magnitude (Clymo, 2004; Baird et al., 2008) . The effectiveness of applying rigid soil theory to peat soils has therefore been questioned (Brown and Ingram, 1988; Baird and Gaffney, 1994) . Price (2003) found that saturated hydraulic conductivity was highly correlated to water Occurrences of silt, sand and gravel within the peat (Allen et al., 2010) could also contribute to local variations in hydraulic conductivity. The presence of these small-scale variations in substrate characteristics are difficult to establish in the field, yet at the applied model grid resolution could have a significant impact on simulated groundwater flow and levels.
Variations in the alluvial composition may account for the poorer performance in certain areas, for example at 5P. Additionally, the peat piezometers of the pre-existing array (1P-7P)
were installed with the slotted screen extending above ground level. The sharp observed responses in head during periods of low water levels may be a reflection of direct influx of water from the surface during rain events. The exaggerated plateau of high head elevation at 4P may thus be due to surface water above the open level of the piezometer. In contrast, at locations 8P-10P, where bentonite was used to seal new piezometers with closed screens above ground level, event peak head elevations match well. These instrumental issues could therefore produce misleading results, where otherwise the model could be performing effectively. The influx of surface water into piezometers, though, has not been directly observed and may otherwise be a result of substrate variations and peat compressibility.
Differences in magnitude between observed and simulated event peaks vary noticeably by location, while the timings match well. Hence, measurements from these piezometers were not excluded from this study. Gravel head elevations are generally simulated very well by the model. Where deviations occur they fall into two groups; locations where the model underestimates levels (3G, 6G-9G and 12G) and those locations where levels are overestimated towards the end of the simulation period (1G, 2G and 5G). The Electrical Resistivity Tomography (ERT) survey revealed significant braided structures in the gravels (Chambers et al., 2014) . These suggest large differences in gravel porosity across the site which would cause localised and depth dependent variations in hydraulic conductivity, as This article is protected by copyright. All rights reserved.
could quantities of reworked chalk in lower levels (Allen et al., 2010) . Although the features could help explain the underestimation at high heads, the over predicted gravel head elevations are more problematical and may be due to inadequacies in the boundary conditions.
Discrepancies between simulated and observed channel stage may in part be due to discrete changes in channel bed roughness. The growth and distribution of instream vegetation is affected by many factors, amongst which channel morphology, bed material and adjacent conditions will contribute. Localised effects of macrophyte growth on bed roughness are not accounted for within the model; instead, a uniform resistance factor is applied throughout the MIKE 11 river model. An unmonitored sluice gate located just upstream of W2 could additionally account for the poor representation of channel stage at this location. Local residents adjust the control structure in order to maintain the aesthetics of a pool feature and the times when the sluice is open or closed are unfortunately not recorded.
Groundwater/surface-water interaction
Surface water and groundwater are inextricably linked and crucial to processes in the wetland. The channels, gravels and peat are hydraulically connected. Model results show that gravel waters provide a significant contribution to the site, supporting earlier findings of research in the Lambourn (Grapes et al., 2006; Abesser et al., 2008) . Channel stage acts as a head boundary and controls broad water levels within both the gravels and peats. It also influences responses in groundwater flow from the Chalk aquifer. Chalk groundwater is an important source of water into the Lambourn Observatory, discharging into the gravel aquifer and wetland through gaps in the putty chalk and resulting in locally elevated heads. Rapid reductions in head from weed cutting in the River Lambourn draw water up from the chalk, increasing the rate of upward groundwater flow. Conversely, increased stage resulting from storm events raises head elevations within the gravels and peats, inhibiting upwelling from the chalk groundwater. The influx of surface water into the gravels at high stage drives the increases in gravel head.
The longer-term trend of surface water outflow follows the seasonal pattern of groundwater inflow. When heads in the Chalk are high, so are levels in all components of the system. This reflects larger-scale catchment processes and the position of the site in a chalk valley bottom with a groundwater fed river. Surface flooding is a combination of seepage from upwelling groundwater, and overbank flow routed from the channels by the relic drainage network. The simulated areas of groundwater mounding in the north meadow and associated flooding support earlier findings in the field (House et al., 2015) . To the east, steeper head gradients correspond with the mouth of a dry valley. However, the cause of the high heads around the Westbrook is less clear. The area does, however, fall beyond the extents of the detailed topographical and geological surveys, with access limited by dense vegetation. It is difficult to assess whether the results are from a real or interpolated feature, and highlight the importance of high-resolution field data.
Management implications
Results of the field monitoring programme, which are replicated by the model results, demonstrate that instream weed cutting has profound effects upon the wetland's hydrological processes. Wetland plant species and communities have preferences to certain water levels and depths to groundwater (Elkington et al., 1991; Newbold and Mountford, 1997; Gowing et al., 2002; Wheeler and Brooks, 2004; Wheeler et al., 2009 ). The speciespoor swamps prevalent at the Lambourn Observatory reflect the duration and magnitude of drops in groundwater levels from weed cutting (Old et al., 2014) . However, the unaccounted effects of groundwater upwelling in locally raising heads and maintaining areas of standing water may be vital to the promotion of certain species.
The degree to which water sources interact will affect plant species distribution through the available nutrient budget. Previous hydrochemical analysis has shown that chalk groundwater upwelling into the peat contains high concentrations of NO 3 and SO 4 and low P concentrations (House et al., 2015) . Elsewhere, the peat contains reducing waters low in NO 3 and SO 4 , yet high in P. These different chemical environments were found to promote distinct plant species. High concentrations of nitrate supported localised growth of greater tussock sedge (Carex paniculata) within surrounding fen communities in higher phosphate waters. Artificial lowering of water levels will promote aerobic conditions within the peat, whilst increases in groundwater contributions will cause further changes in the chemical environment. Such changes could have localised ecological effects that are not accounted for by generalised site management practices. Aerobic conditions can also lead to peat oxidisation and release of CO 2 , whereas wet peat may generate methane; hence, soil water levels are therefore important for managing greenhouse gas emissions from wetlands .
The meadows of the Lambourn Observatory once supported breeding snipe (Gallinago gallinago) (Everard, 2005) , but these are no longer present and a general decline in the UK and Europe has been linked to losses in lowland wet grassland (Ausden et al., 2001 ). The species breeds in wet areas where the softer ground allows them to easily forage for food (Smart et al., 2008) . Waterlogged features support a higher biomass of surface-active and aerial invertebrates (Plum, 2005; Eglington et al., 2010) , and the wading birds which feed on them (Milsom et al., 2000; Ausden et al., 2001; Milsom et al., 2002) . Consistently high groundwater levels therefore benefit snipe and other wading birds and are also considered essential for Desmoulin's whorl snail, the species which contributes to the site's scientific and nature conservation status (Tattersfield and McInnes, 2003) . Site hydrology is a principal factor in determining the distribution of the snail, with optimum conditions found where water levels remain above ground level year round. A survey undertaken in 2012
showed a reduced presence of the snail suggesting a gradual decline since the 1990s (Natural England, 2012) . The roles of groundwater upwelling, channel stage, and the relic surface drainage network in the distribution of water levels are thus important considerations for conservation management.
Conclusions
The groundwater abstraction, channel morphology or vegetation management. Representative boundary conditions could be obtained through links to existing regional groundwater models (e.g. Jackson et al., 2011) , though differences in model grid resolution would need to be addressed.
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